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LP-BM5, a retroviral isolate, induces a disease featuring retrovirus-induced immunodeficiency, designated
murine AIDS (MAIDS). Many of the features of the LP-BM5-induced syndrome are shared with human
immunodeficiency virus-induced disease. For example, CD4 T cells are critical to the development of MAIDS.
In vivo depletion of CD4 T cells before LP-BM5 infection rendered genetically susceptible B6 mice MAIDS
resistant. Similarly, MAIDS did not develop in B6.nude mice. However, if reconstituted with CD4 T cells,
B6.nude mice develop full-blown MAIDS. Our laboratory has shown that the interaction of B and CD4 T cells
that is central to MAIDS pathogenesis requires ligation of CD154 on CD4 T cells with CD40 on B cells.
However, it is not clear which additional characteristics of the phenotypically and functionally heterogeneous
CD4 T-cell compartment are required. Here, in vivo adoptive transfer experiments using B6.nude recipients
are employed to compare the pathogenic abilities of CD4 T-cell subsets defined on the basis of cell surface
phenotypic or functional differences. Th1 and Th2 CD4 T cells equally supported MAIDS induction. The rare
Thy1.2 CD4 subset that expands upon LP-BM5 infection was not necessary for MAIDS. Interestingly,
CD45RBlow CD4 T cells supported significantly less disease than CD45RBhigh CD4 T cells. Because the
decreased MAIDS pathogenesis could not be attributed to inhibition by CD45RBlow CD25 natural T-
regulatory cells, an intrinsic property of the CD45RBlow cells appeared responsible. Similarly, there was no
evidence that natural T-regulatory cells played a role in LP-BM5-induced pathogenesis in the context of the
intact CD4 T-cell population.
The LP-BM5 retroviral isolate consists of a pathogenic de-
fective murine leukemia virus (BM5def) that requires the rep-
lication-competent ecotropic helper virus BM5eco for its entry
into cells and spread in vivo. The ensuing AIDS variety, termed
murine AIDS (MAIDS) (25), exhibits many features shared
with human immunodeficiency virus (HIV)-induced disease in
humans (3, 7, 55). These similar features include early-onset
hypergammaglobulinemia (hyper-Ig), splenomegaly, and lymph-
adenopathy; dependence on CD4 T cells for initiation of disease;
loss of CD4 T-cell function; severely depressed T- and B-cell
responses; increased susceptibility to infection and death when
exposed to normally nonpathogenic microorganisms; and the de-
velopment of terminal B-cell lymphomas. These MAIDS-associ-
ated “opportunistic” lymphomas occur under these immunodefi-
ciency conditions in susceptible C57BL/6 mice and are generally
similar to the lymphoid tumors observed in human AIDS pa-
tients.
Interaction between B and CD4 T cells is critical for the
pathogenesis of MAIDS: both CD4 T cells and B cells are
required for disease induction and progression. Severe com-
bined immunodeficient (SCID) mice (lacking mature T and B
cells) do not develop MAIDS (52). The main targets of LP-
BM5 retrovirus infection are B cells and, to some extent, mac-
rophages and T cells. However, B-cell infection is not progres-
sive and does not lead to disease in the absence of mature CD4
T cells (8, 23). Indeed, an early hyperactivity of CD4 T cells
may contribute to the pathogenesis of MAIDS (39, 60). In vivo
depletion of CD4 T cells before LP-BM5 infection rendered
susceptible B6 mice resistant to the development of MAIDS.
Similarly, congenitally athymic nude B6 mice are resistant to
LP-BM5-induced disease (39). However, if reconstituted with
CD4 T cells from B6 donor mice, B6.nude recipients develop
MAIDS upon LP-BM5 infection (15, 19, 60). In further adop-
tive transfer experiments it was found that B6.nude recipients,
if reconstituted with CD154/, but not CD154/, CD4 T
cells, were converted to disease susceptibility (19). With regard
to the cell type interacting with the CD154 CD4 T cells, B6
CD40/ mice, which are relatively resistant to LP-BM5-in-
duced MAIDS, became susceptible to LP-BM5-induced dis-
ease after reconstitution with highly purified wild-type B cells
but not after receiving purified wild-type dendritic cells or a
combined CD40 population composed of dendritic cells and
macrophages obtained from B6.SCID mouse donors (19). In a
recent follow-up study, we showed that the CD80/CD86 (B7.1/
B7.2) costimulatory ligands are not required for LP-BM5 in-
duction of MAIDS (17). These results and other data (36)
suggested that CD4 T-cell-expressed CD28 ligation is not re-
quired for the initiation of MAIDS or the early commitment
to disease progression. Although this classic upregulation of
CD80/CD86 after CD40 ligation is thus not necessary, we have
used a panel of CD40 Tg mice on the CD40/ background to
confirm that the CD40 signaling is required for MAIDS induc-
tion and is differentially mediated by TRAF binding to the
TRAF 6 site (versus the TRAF 2/3/5 site) on the CD40 cyto-
plasmic tail (16). Collectively, these findings provide clear
evidence that activated CD4 T-cell CD154 ligation of B-cell
CD40 and downstream signaling events are required for
MAIDS (16, 19).
Beyond this series of reports, however, surprisingly little is
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known about other CD4 T-cell features required for the in-
duction of MAIDS. Several studies have examined the effects
of established MAIDS disease on the CD4 T-cell compart-
ment, i.e., characterization of CD4 T-cell anergy (2, 21, 41, 59),
but there are few prospective studies defining the role of these
CD4 T-cell features in the induction of MAIDS. The molecu-
lar basis for the requirement for CD4 T cells for MAIDS
induction is thus incompletely understood. The relevant ques-
tion is as follows: which phenotypic and/or functional charac-
teristics of CD154 CD4 T cells are critical for mediating
MAIDS? To address the role of CD4 T cells in MAIDS in-
duction and pathogenesis, we performed a series of in vivo
adoptive transfer experiments designed to determine which
subpopulation(s) of CD154 CD4 T cells, as defined on the
basis of relevant cell surface phenotypic and functional differ-
ences, are essential for LP-BM5-induced MAIDS. This ap-
proach allows direct comparisons in a system where MAIDS
induction is dependent on the transferred cells.
MATERIALS AND METHODS
Mice. Male B6 mice were purchased from the National Institutes of Health
(Bethesda, MD), housed in the Dartmouth Medical School Animal Resource
Center, and used when they reached 8 to 10 weeks of age as control mice or
spleen cell donors. B6.nude breeder mice were purchased from The Jackson
Laboratory (Bar Harbor, ME) and were bred to increase group size at the
Dartmouth Medical School Animal Resource Center. Equal numbers of B6.nude
mice, either three or four in a given experimental group, were reconstituted with
various cell preparations (see below) before infection with LP-BM5 virus.
LP-BM5 virus inoculations. LP-BM5 virus was prepared in our laboratory as
previously described (22). Briefly, G6 cells cloned from SC-1 fibroblasts infected
with the LP-BM5 virus mixture and originally provided by Janet Hartley and
Herbert Morse (NIH/NIAID, Bethesda, MD) were cocultured with uninfected
SC-1 cells. Mice were infected intraperitoneally (i.p.) with 1 105 ecotropic PFU
virus stock.
Splenocyte subpopulation preparations. Splenocyte suspensions were labeled
with various antibody-coupled paramagnetic beads (MACS; Miltenyi Biotec,
Auburn, CA) and subjected to column purification according to the manufac-
turer’s protocol or sorted by use of a FACStar Plus instrument with TurboSort
(Becton Dickinson Immunocytometry Systems, Mountain View, CA). The puri-
fied cellular subsets indicated below were used in reconstitution experiments; in
each case, a portion of the recipients of such adoptive transfer was infected with
LP-BM5 48 h after adoptive transfer, and the remaining mice receiving adoptive
cell transfer served as uninfected controls.
(i) CD4 T-cell preparations. Spleen cell suspensions were labeled with anti-
CD4 beads, and positive selection yielded cell preparations which were 98%
CD4 and less than 1% B220 and CD8 together, as detected by flow cytometric
analysis. Alternatively, negative selection of CD4 T cells was accomplished
by using anti-CD8, -CD19, -CD11b, and -CD11c beads; for the collected
flowthrough, designated as CD4 negatively selected cells, the purity was 98%.
CD4 T cells (1  107 unless otherwise indicated) obtained by either positive or
negative selection were adoptively transferred intravenously into B6.nude recip-
ients.
(ii) Generation of CD4 Th1-like and Th2-like cell preparations in vitro. Th1
and Th2 cells were induced from B6 mice as follows (Fig. 1) (27). Either
unfractionated purified CD4 T cells or sorted CD62Lhigh CD44low naive CD4 T
cells from B6 mice spleen were cultured in tissue culture plates (precoated
overnight with 10 g/ml anti-CD3 monoclonal antibody [MAb] [clone 145-2C11;
BD Pharmingen] and 1 g/ml anti-CD28 MAb [37.51; BD Pharmingen]) in the
presence either of 5 ng/ml interleukin-12 (IL-12; PeproTech) with neutralizing 10
g/ml anti-IL-4 MAb (11B11; BD Pharmingen) for Th1 cells or of 5 ng/ml IL-4
(PeproTech) with neutralizing 10 g/ml anti-gamma interferon (IFN-) MAb
(37895; BD Pharmingen) for Th2 cells (Fig. 1). After 3 days, functional differ-
entiation of these cells was confirmed by observing the development of specific
cytokine production patterns by use of enzyme-linked immunosorbent assay
(ELISA) kits and intracellular cytokine staining (ICS) (27). Then, 1  107 Th1-
or Th2-skewed preparations of CD4 T cells were adoptively transferred into
B6.nude recipient mice, with fresh donor naive CD4 T cells from B6 mice serving
as the positive control.
(iii) Depletion of Thy1.2 CD4 T cells. Unfractionated, purified splenic CD4
T cells from normal B6 donor mice were stained with fluorescein isothiocyanate
(FITC) anti-Thy1.2 and phycoerythrin (PE) anti-CD4. Labeled CD4 T cells were
sorted by use of a FACStar Plus instrument with TurboSort to isolate the
Thy1.2 CD4 population. The purity of the resulting Thy1.2 CD4 population
was 99%. Either these cells or unfractionated CD4 T cells as a positive control
(1  107) were adoptively transferred into B6.nude recipients.
(iv) Isolation of CD45RBhigh/naive CD4 cells and CD45RBlow/memory CD4
cells from normal B6 splenocytes and adoptive transfer into B6.nude recipients.
First, splenic CD4 T cells from normal B6 donor mice were purified by using
Miltenyi beads as detailed above. After saving enough CD4 T cells for use as the
unfractionated polyclonal CD4 T-cell control, we labeled the rest of the CD4 T
cells with FITC anti-CD4 (H129.19) and PE anti-CD45RB (16A) (BD Pharmin-
gen). These labeled cells were sorted at high speed on a FACStar Plus instru-
ment with TurboSort. Based on our and another laboratory’s experience (28), the
CD45RBhigh and CD45RBlow populations were defined as the CD45RB bright-
est-staining 30% and dullest-staining 15%, respectively, of the CD4 cells. Purity
of CD45RBhigh CD4 and CD45RBlow CD4 populations was 98%. CD4 T cells
(0.5  107 to 1  107) (either CD45RBhigh, CD45RBlow, or unfractionated CD4
T cells as a positive control) were transferred into each B6.nude recipient.
(v) Depletion of CD45RBlow CD25 CD4 T-regulatory cells. Unfractionated,
purified, splenic CD4 T cells from normal B6 donor mice and CD4 T cells sorted
into CD45RBhigh and CD45RBlow subsets were obtained as described immedi-
ately above, except that the CD45RBlow CD4 T cells were separated into
CD45RBlow CD25 versus CD45RBlow CD25 cells by sorting cells labeled with
FITC anti-CD4 (H129.19), PE anti-CD45RB (16A) (BD Pharmingen), and allo-
phycocyanin (APC) anti-CD25 (7D4; eBioscience). Alternatively, B6 mice were
first injected i.p. with 250 g per mouse of anti-CD25 (hybridoma PC61) MAb
4 days prior to their use as donors for isolation of the CD45RBlow CD25 CD4
subset; the efficiency of depletion of the CD45RBlow CD25 CD4 cells was
90% as monitored by staining with anti-CD25 (7D4). Anti-CD25 (IL-2R)
MAb used in vivo was generated from hybridoma PC61 (29, 42) and purified via
elution over a protein G agarose column (Sigma). The antibody immunoglobulin
G (IgG) concentration was determined by comparison to commercial rat anti-
mouse CD25 MAb (PC61; eBioscience) in flow cytometric analyses employing
FITC-labeled goat anti-rat secondary antibody and indirect immunofluorescence
as a standard. Purified rat-IgG1 was used as a normal rat IgG control. Then,
spleen cells from these anti-CD25 MAb-treated donor mice were processed in a
fashion identical to that described above to yield CD45RBhigh, CD45RBlow, and
CD45RBlow CD25 CD4 T cells.
(vi) Depletion of CD25 CD4 T-regulatory cells. Unfractionated CD4 T cells
isolated from normal B6 splenocytes were stained with FITC anti-CD25 (7D4)
and PE anti-CD4 MAb (H129.19) (BD Pharmingen). Labeled CD4 T cells were
sorted by use of a FACStar Plus instrument with TurboSort to isolate the CD25
FIG. 1. Generation of CD4 Th1-like and Th2-like cells. CD62Lhigh
CD44low T cells were enriched by cell sorting (see Materials and
Methods) and cultured in 96-well plates of precoated anti-CD3 and
anti-CD28 with a 72-h stimulation. Stimulation was in the presence of
IL-12 and anti-IL-4 for Th1 cells and in that of IL-4 and anti-IFN- for
Th2 cells. Assays utilized for determining the functional differentiation
of Th1 and Th2 cells are indicated at the bottom.
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CD4 population. The purity of the resulting CD25 CD4 population was 99%.
Either these cells or unfractionated CD4 T cells as a positive control (1  107)
were adoptively transferred into B6.nude recipients. Alternatively, we first em-
ployed negative selection of CD4 T cells by using a biotinylated MAb cocktail to
deplete CD8, CD19, CD11b, and CD11c cells. For the resulting CD4 T-cell
population, this procedure was followed by Miltenyi bead positive deletion of
CD25 CD4 T-regulatory (Treg) cells. The purity of the entirely negatively
selected flowthrough CD25 CD4 T cell population was 99%.
ELISA determinations of serum Ig. For measuring hyper-Ig, affinity-purified
goat anti-mouse IgM and IgG2a antibody (Southern Biotechnology, Birming-
ham, AL) was diluted to 7 g/ml in phosphate-buffered saline (PBS) to coat
96-well ELISA-grade plates (Becton Dickinson, Oxford, CA) overnight at room
temperature. The plates were then washed three times with PBS and blocked for
1 h with 5% bovine serum albumin-PBS (Sigma, St. Louis, MO) at 37°C. Either
control uninfected sera or sera obtained at various time points after LP-BM5
infection and at the final termination time point were then plated and allowed to
incubate for 2 h at 37°C. The plates were washed three times with PBS, and
alkaline phosphatase-labeled goat anti-mouse Ig (Southern Biotechnology) was
added. After a 2-h 37°C incubation, p-nitrophenyl phosphate (Sigma) provided a
colorimetric change which was then quantitated at 405 nm by an ELISA reader
(Dynatech Laboratories, South Hampton, United Kingdom).
Spleen cell responses to mitogen. Spleen cells (4  105/well) from control and
experimental mice were plated in triplicate into 96-well plates with medium
containing 5% fetal calf serum, L-glutamine, antibiotics, and a final concentration
of 10 g/ml lipopolysaccharide (LPS). After 72 h, wells were pulsed with 1 Ci
of [3H]thymidine (Dupont NEN, Boston, Mass.) and harvested 6 h later onto
Unifilter 96-well GF/C plates for assessment of thymidine incorporation by
scintillation counting (Packard MicroSant NXT counter).
Flow cytometry. Spleen cells were incubated with FITC-, PE-, APC-, or Cy-
Chrome-conjugated antibodies, and the resulting direct immunofluorescence
was analyzed by use of a FACSCalibur flow cytometer (BD Bioscience) to detect
the expression of murine CD4 (H129.19), CD45RB (16A), CD25 (7D4 or PC61),
CD8a (53-6.7), Thyl.2 (53-2.1), B220 (RA3-6B2), CD19 (1D3), CD11b (M1/70),
CD11c (HL3), CD62L (MEL-14), CD44 (IM7), IFN- (XMG1.2), and IL-4
(11B11) (BD Pharmingen or eBioscience). Appropriate FITC-, PE-, APC-, or
Cy-Chrome-conjugated Ig isotypes of irrelevant specificity were used to control
for each experimental MAb. ICS of IFN- and IL-4 was performed as previously
described (27). Briefly, for ICS, cells were cultured with 50 ng/ml phorbol my-
ristate acetate (Sigma) and 1 g/ml ionomycin (Sigma) for 5 h, with 5 g/ml
brefeldin A added for the last 2 h. Extracellular staining with FITC anti-CD4 was
performed and followed by intracellular staining with PE anti-IFN- and APC
anti-IL-4. Stained cells were analyzed on a FACSCalibur flow cytometer using
Cellquest software (BD Bioscience).
RNA isolation and real-time quantitative RT-PCR. Viral load was determined
for BM5def and BM5eco as previously described (9, 16). Briefly, total RNA was
isolated from spleen tissue using Tri-Reagent (Molecular Research Center, Cin-
cinnati, OH) and treated with a DNA-free kit (Ambion, Austin, TX). Following
reverse transcriptase amplification of cDNA (Bio-Rad iScript cDNA synthesis
kit), quantitative reverse transcriptase PCR (RT-PCR) was performed using iQ
SYBR green supermix and iCycler software (Bio-Rad, Hercules, CA).
RESULTS AND DISCUSSION
Adoptive transfer of CD4 T cells converts MAIDS-resistant
B6.nude recipients to a MAIDS-susceptible phenotype. We
first compared positive and negative selection methods of
purifying mature splenic CD4 T cells from normal donor
C57BL/6 mice by experiments utilizing adoptive transfer of
CD4 T cells into B6.nude recipients. The mice were infected
with LP-BM5 virus i.p. 48 h after reconstitution, and progres-
sion to MAIDS was evaluated 9 to 11 weeks later. The follow-
ing standard readouts of MAIDS-associated symptoms, which
we and others have previously established, were employed
(16–20, 23, 37, 39): (i) spleen size, with enlargement indicating
MAIDS-associated B- and T-cell lymphoproliferation; (ii) se-
rum IgG2a and IgM levels, with increases due to MAIDS
polyclonal B-cell activation; and (iii) splenic B-cell responses
to LPS stimulation, with decreases indicative of B-cell-associ-
ated MAIDS-induced immunodeficiency. For all the experi-
ments, an early activational MAIDS disease parameter, hyper-
gammaglobulinemia (serum IgM and IgG2a levels), was also
assessed at about 7 to 8 weeks postinfection (p.i.) by analysis of
serum taken without sacrifice of the mouse. We routinely re-
peated the hyper-Ig determination and added cell-based
MAIDS parameters when we terminated the experiments.
In an initial experiment, purified mature splenic CD4 T cells
obtained by either positive or negative selection mediated
MAIDS by all standard readouts when they were adoptively
transferred into B6.nude recipients subsequently infected with
LP-BM5. There were no substantial differences in the patterns
of results obtained with the positive-selection and negative-
selection approaches, and the results were also comparable to
those observed for intact B6 mice. Here, for the sake of brevity,
we show only one activational parameter of MAIDS (spleen
weight) (Fig. 2A) and one immunosuppressive parameter (LPS
mitogen response) (Fig. 2B), although all disease readout as-
says were performed and showed the same pattern of results.
FIG. 2. Both positively and negatively selected CD4 T cells mediated LP-BM5-induced MAIDS when transferred into B6.nude recipients. CD4
T cells positively or negatively selected from B6 donors (1  107) were adoptively transferred into B6.nude recipients. Disease was assessed at 10
weeks p.i. by measuring splenomegaly (A) and immunodeficiency (B); the latter was measured by lymphocyte proliferation in response to LPS.
Results were compared to those from uninfected control mice and were significant (, P  0.05) or not significant (, P  0.05) by the Student
t test, with the Bonferroni adjustment applied as a multiple comparisons posttest. The data shown are representative of a total of three experiments,
with the same pattern of results always obtained.
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Considering that these were reproducible results in repeat
experiments, these data confirmed that positive selection of
CD4 T cells was a valid approach for use in additional adoptive
transfer experiments to define their required characteristics to
mediate LP-BM5-induced disease. Also of note is the fact that
viral loads for both the BM5def and BM5eco viral constituents
of LP-BM5 were determined at the termination of this kind of
experiment. Importantly, there was no reproducible difference
between the viral load for infected B6.nude mice that received
adoptive transfer of CD4 T cells and that for those mice that
did not receive such reconstitution for either the BM5def virus
or the BM5eco virus (data not shown). In addition, this viral
expression level was similar to that observed for infected wild-
type B6 mice (see Fig. 9 and the discussion of viral load below).
The relative contributions of Th1 and Th2 CD4 T-cell func-
tional subsets in MAIDS pathogenesis. A large body of evi-
dence has indicated the existence of functionally polarized
CD4 T-cell responses based on their profiles of cytokine se-
cretion, and CD4 T cells have thus been divided into the Th1
and Th2 subpopulations. It has generally been accepted that a
Th1/Th2 imbalance underlies various immune diseases. In
HIV-infected patients and LP-BM5-infected mice, T-cell pro-
liferation and Th1 cytokine (IL-2 and IFN-) production have
been reported to decline, while Th2 cytokine (IL-4, IL-5, IL-6,
and IL-10) and immunoglobulin production increase (4, 5, 10,
12, 26, 34, 45, 49, 57).
However, whether Th1 and/or Th2 cells and their associated
cytokines are critical for the induction of MAIDS pathogenesis
remains unknown. In this study, we directly tested the possible
requirement for Th1 versus Th2 CD4 T cells in vivo by cell
transfer with Th1 or Th2 cells induced and characterized in
vitro. We followed currently accepted standard protocols (Fig.
1; also see Materials and Methods) to skew either unfraction-
ated or purified CD62Lhigh CD44low naive CD4 T cells from B6
donors into Th1 and Th2 subpopulations in vitro, as deter-
mined by intracellular cytokine staining for IL-4 and IFN-
expression. In each case, the ratio of the percentages of CD4 T
cells expressing IFN- versus IL-4 was appropriately skewed
after differentiation into the Th1 (IFN-) and Th2 (IL-4) sub-
sets. However, higher background levels of IFN- by Th2 cells
or IL-4 for Th1 cells were observed when total CD4 T cells
were the starting source. In an attempt to decrease these back-
ground levels, previously activated or memory CD4 T cells
were removed from normal B6 splenocytes by sorting naive
CD62Lhigh CD44low CD4 T cells prior to Th1-versus-Th2
skewing in vitro.
FIG. 3. CD4 Th1 and Th2 cells equally mediate MAIDS. Naive CD62Lhigh CD44low CD4 T cells were purified from normal B6 splenocytes
before Th1 and Th2 skewing in vitro. The subsets were verified by IFN- (Th1) and IL-4 (Th2) production, as determined by intracellular cytokine
staining (A) and ELISA (B). CD62Lhigh CD44low Th1, Th2, or control nonskewed CD4 T cells (1  107) were adoptively transferred into B6.nude
recipients. At 9 weeks p.i., mice were assayed for disease by examination of hypergammaglobulinemia via ELISA measurement of serum Ig levels
(C) and of immunodeficiency via lymphocyte proliferation following LPS stimulation for 72 h (D). To depict the uninfected control, the data from
all groups of uninfected mice receiving the different transfers of experimental cell populations were pooled for simplicity because the values were
very similar. With both disease parameters, mice reconstituted with Th1, Th2, or control CD4 T cells showed significant disease (, P  0.05) by
the Student t test compared with uninfected mice. Furthermore, no significant difference (, P  0.05) was observed in the disease measurements
among the three infected groups that received cell transfers, with the Bonferroni adjustment applied as a multiple comparisons posttest. The data
shown are representative of three total experiments, with the same pattern of results always obtained.
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By this approach, highly polarized IFN--producing Th1 or
IL-4-producing Th2 responses were generated as assayed by
both intracellular cytoplasmic staining and flow cytometry (Fig.
3A) and IL-4 and IFN- protein secretion as determined by
ELISA (Fig. 3B). Th1 and Th2 CD4 T cells were adoptively
transferred into B6.nude recipients, which were then subjected
to LP-BM5 infection. Progression to full MAIDS was evalu-
ated by sacrificing the mice and assessing the standard read-
outs for MAIDS. However, the MAIDS disease activational
parameter hyper-IgM and -IgG2a levels were periodically as-
sessed at interim time points postinfection by analysis of serum
samples, and the same pattern of results indicating clear in-
duction of disease was obtained. That is, both CD4 Th1 and
Th2 cells were clearly able to mediate MAIDS after infection
with LP-BM5. Substantial disease was evident by both activa-
tional parameters (spleen weight [P  0.05] [data not shown]
and hyper-IgM and -IgG2a [P  0.05] [Fig. 3C]) and an im-
munosuppressive parameter (LPS response [P  0.05]) (all
compared with uninfected control groups [Fig. 3D]). Con-
versely, when comparing the extents of MAIDS mediated by
donor Th1 versus Th2 versus unfractionated CD4 T cells,
the B6.nude recipients displayed roughly the same degree of
MAIDS (P  0.05) by spleen weight (data not shown),
hyper-IgM and -IgG2a levels (Fig. 3C), and LPS responsive-
ness (Fig. 3D).
Are Thy1.2 CD4 cells central to MAIDS pathogenesis? A
CD4 T-cell subset that uniquely expands upon LP-BM5-in-
duced MAIDS pathogenesis was next examined to determine if
it plays a causal role in this disease. Of the CD4 T cells derived
from the B6 mice that are utilized here as the prototypic
MAIDS-susceptible strain, all are also Thy1.2, except for
about 1% which are Thy1.2. A report from the laboratory of
Morse and coworkers (24) demonstrated, however, that this
small Thy1.2 CD4 T-cell subpopulation increased substan-
tially following LP-BM5 infection. We have previously con-
firmed this finding (16), e.g., the ratio of Thy1. 2 CD4 among
total CD4 T cells increased from 5% (Fig. 4A, left) to 42%
(Fig. 4A, right) after LP-BM5 infection. To test for a possible
functional role for this rare CD4 T-cell subset in MAIDS
induction, we purified Thy1.2 CD4 T cells (Fig. 4A, bottom)
and thereby deleted Thy1.2 CD4 T cells from B6 donors (Fig.
4A, left). After adoptive transfer of only the purified Thy1.2
CD4 T cells into B6.nude recipients and subsequent LP-BM5
infection, we assessed MAIDS pathogenesis by spleen weight
(Fig. 4B) and all the other standard MAIDS readouts (data not
shown). It was clear that there was no significant difference
between the B6.nude recipients reconstituted with total CD4 T
cells and those reconstituted with Thy1.2 CD4 T cells only.
Furthermore, at the termination of the experiment, flow cyto-
metric analysis indicated that there was no LP-BM5 infection-
dependent increase of Thy1.2 CD4 T cells from the very small
percentages of such contaminating cells in B6.nude mice re-
ceiving purified Thy1.2 CD4 T cells. This lack of increase
(i.e., 0.9-fold) of the average percentage of Thy1.2 CD4 T
cells (of total CD4 T cells) is to be contrasted with the 3.7-fold
increase in the Thy1.2 T-cell level for the infected Bb.nude
group reconstituted with total CD4 T cells over that for the
noninfected but similarly reconstituted group. Thus, because
purified Thy1.2 CD4 T-cell transfer leads to an equivalent
level of disease (Fig. 4B), there was no evidence that Thy1.2
CD4 T cells played a key role in MAIDS pathogenesis. In
addition, it is not clear whether the increase in the Thy1.2
CD4 T-cell subpopulation is a result of an actual expansion of
these cells or whether it (also) involves Thy1.2 downregulated
expression on previously Thy1.2 cells.
Do the required CD4 T cells need to be of the CD45RBhigh/
naive or the CD45RBlow/memory phenotype to mediate LP-
BM5 induction of MAIDS? In this series of experiments, the
goal was to focus on whether previous antigen experience
acquired through the T-cell receptor governs the pathogenic
ability of CD4 T cells in MAIDS. To this end, we separated
CD45RBhigh/naive CD4 cells and CD45RBlow/memory CD4
cells from normal B6 mice splenocytes and adoptively trans-
ferred such purified subsets into B6.nude recipients. MAIDS
disease parameters were again assessed both at about 7 to 8
FIG. 4. Thy1.2 CD4 T cells are not necessary for the induction of MAIDS pathogenesis. Phenotyping of spleen cells following LP-BM5
infection of B6 mice showed an increase of Thy1.2 CD4 T cells from 1% (A, upper left) to about 12.5% at 9 weeks p.i (A, upper right). Thy1.2
CD4 T cells were depleted from normal, uninfected B6 donors (A, upper left), and 1  107 purified Thy1.2 CD4 T cells (purity, 99.8%) (A,
bottom) were adoptively transferred into B6.nude recipients. At 9 weeks p.i., mice were assayed for disease activation by assessment of
splenomegaly (B). These results were highly consistent with the data obtained for other disease parameters (data not shown), and showed that,
similar to infected wild-type intact B6 mice, recipients reconstituted with either Thy1.2 or total CD4 T cells developed similar levels of MAIDS
(, P  0.05). The data shown are representative of two total experiments, with the same pattern of results always obtained.
VOL. 80, 2006 CD4 T CELLS IN THE PATHOGENESIS OF MURINE AIDS 5781
weeks p.i. by analysis of serum and at the 9- to 11-week ter-
minal time point by use of spleen cell readouts.
Positively selected total CD4 T cells (Fig. 5A, left) from
normal B6 splenocytes were subsequently stained with
CD45RB-PE. The CD45RBhigh and CD45RBlow populations
were empirically defined as the brightest-staining 30% and
dullest-staining 15%, respectively, of the CD4 cells (see Mate-
rials and Methods). The purities of the postsorted and pre-
transferred CD4 T-cell populations used were both 98%.
Equal numbers (0.5  107 to 1  107 in different experiments)
of CD4 T cells that were either CD45RBhigh (Fig. 5A, upper
right), CD45RBlow (Fig. 5A, lower right), or total unfraction-
ated (Fig. 5A, left) (as a positive control) were adoptively
transferred into B6.nude recipients, which were subsequently
infected with LP-BM5 virus. Reconstitution appeared to be
roughly equivalent; the adoptively transferred cells were as-
sessed at the termination time point of each experiment, and
approximately similar levels of recovery of CD4 T-cell numbers
were observed for B6.nude recipients that were reconstituted
with either CD45RBhigh or CD45RBlow cells. Although all
disease readouts were performed, here again only representa-
tive activation (Fig. 5B) and immunosuppressive (Fig. 5C) pa-
rameters are shown, since all disease readout assays were in
agreement.
Compared to uninfected mice that received control CD4 T
cells, both CD45RBlow and CD45RBhigh CD4 T cells clearly
mediated LP-BM5-induced MAIDS. Interestingly, however,
the extent of disease consistently seemed to depend on the
CD45RB status of the transferred CD4 T cells. For example,
the hyper-IgM and -IgG2a levels of the B6.nude recipients
reconstituted with the CD45RBlow CD4 cell group were sig-
nificantly lower than those of the B6.nude recipients reconsti-
tuted either with total CD4 or with CD45RBhigh CD4 T cells
(Fig. 5B). Similarly, the CD45RBlow CD4 T-cell-mediated re-
FIG. 5. CD4 CD45RBlow cells mediate MAIDS, but to a lesser degree than CD45RBhigh CD4 T cells. Purified CD4 T cells (A, left) from B6
donors were sorted into 30% brightest CD45RBhigh (A, upper right) and 15% dullest CD45RBlow (A, lower right) CD4 T cells. Equal numbers
(5  106) of CD45RBhigh, CD45RBlow, or total unfractionated (as a positive control) CD4 T cells were adoptively transferred into B6.nude
recipients. Disease parameters were determined at 9 weeks p.i. by assessment of hypergammaglobulinemia via ELISA measurement of serum IgM
and IgG2a (B) and of immunodeficiency via lymphocyte proliferation in response to LPS (C). Both CD45RBhigh and CD45RBlow CD4 T cells
mediated MAIDS compared with the uninfected control (, P  0.05); however, compared to B6.nude mice receiving CD45RBhigh or unfrac-
tionated CD4 T cells, recipients reconstituted with CD45RBlow cells mediated significantly less disease by the Student t test (, P  0.05), with
the Bonferroni adjustment applied as a multiple comparisons posttest. These results were consistent with all other disease parameters (data not
shown). The data shown are representative of two experiments, with the same pattern of results always obtained.
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sidual mitogenic response to LPS of the B6.nude recipients
reconstituted with CD45RBlow CD4 cells was significantly
higher than that of the B6.nude recipients reconstituted with
either total CD4 or CD45RBhigh CD4 T cells (Fig. 5C). In
contrast, donor CD45RBhigh cells mediated the immunodefi-
ciency of MAIDS after LP-BM5 infection to an extent similar
to that seen following transfer of unfractionated CD4 T cells.
Thus, CD45RBlow CD4 cells supported MAIDS but not to the
same degree as CD45RBhigh CD4 cells; this effect was ob-
served in the two experiments in which only these subsets
were compared and also in the subsequent more complex
experiments, in which the CD45RBlow subset was further
fractionated.
Do CD45RBlow CD25 CD4 T-regulatory cells inhibit
MAIDS development? One interpretation of the results given
above is that CD45RBlow CD4 T cells intrinsically support
significantly less MAIDS development than CD45RBhigh CD4
T cells. An alternative reason that the CD45RBhigh versus
CD45RBlow CD4 T-cell subsets might differentially support
LP-BM5-induced MAIDS is that the latter memory CD4 T-cell
population uniquely contains the natural Treg (nTreg) subset.
Perhaps these nTreg cells limit the extent of LP-BM5-induced
disease, either (i) as anergic cells by “diluting” the CD45RBlow
CD4 T-cell population and thus decreasing the percentage of
non-nTreg CD25 CD4 cells that are able to mediate MAIDS
pathogenesis present or (ii) by actively inhibiting or suppress-
ing the ability of the CD25 CD4 T cells to undergo activation
and proliferation upon LP-BM5 infection and thus to promote
viral pathogenesis.
Indeed, our experiments showed that in normal naive, un-
infected B6 mice, about 8.9% of the total CD4 population
consisted of CD25 nTreg cells (Fig. 6A, left). In contrast to
the starting distribution of Tregs, among the postsorted
CD45RBhigh CD4 T cells (Fig. 6A, middle), only 2.6% of cells
were CD25, whereas there were 16.7% CD25 Treg cells
among postsorted CD45RBlow CD4 T cells (Fig. 6A, right).
To address the possible negative role of nTreg cells in LP-
BM5-induced viral pathogenesis, we depleted CD25 CD4 T
cells from the CD45RBlow population. In addition to the un-
fractionated CD4 T cells and the CD45RBhigh and CD45RBlow
subsets purified as described above, a CD45RBlow population
depleted of CD25 CD4 T cells was adoptively transferred in
parallel into B6.nude recipients. In the representative experi-
ment shown in Fig. 6, we first confirmed, as for the experiment
shown in Fig. 5, the result that the extent of disease consis-
tently depended on the CD45RB status of transferred CD4 T
cells. In addition, there was no evidence that the CD45RBlow
CD25 nTreg population was able to moderate the ability of
CD45RBlow CD4 T cells to mediate MAIDS. The spleen
weight (Fig. 6B), hyper-IgM level (Fig. 6C), and mitogenic
FIG. 6. CD45RBlow CD25 CD4 natural T-regulatory cells do not inhibit MAIDS development. CD25 CD4 T cells (A) were quantified in a
total CD4 population (left) and in purified CD45RBhigh (middle) and CD45RBlow (right) populations. B6.nude recipient mice received 5  106
CD45RBhigh, CD45RBlow, CD45RBlowCD25, or CD45RBlowCD25 T cells or total CD4 T cells as a control via adoptive transfer. Following 10
weeks of LP-BM5 infection, mice were assayed for disease activation by assessments of splenomegaly (B); of hypergammaglobulinemia, as
determined by ELISA measurement of serum Ig levels (C); and of immunodeficiency, as determined by LPS-induced proliferation (D). Disease
activation levels were equivalent among B6.nude recipients reconstituted with total CD45RBlow, CD45RBlowCD25, or CD45RBlowCD25 CD4
T cells (, P  0.05) but significantly decreased (, P  0.05) when any of these three CD45RBlow subsets were transferred into B6.nude mice
compared to those reconstituted with CD45RBhigh or total CD4 T cells, with the Bonferroni adjustment applied as a multiple comparisons posttest.
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response to LPS (Fig. 6D) results showed that the CD45RBlow,
CD45RBlow CD25, and CD45RBlow CD25 reconstituted
groups were similar to each other. Further, these groups all
mediated significantly less MAIDS development than either
the unfractionated CD4 group or the CD45RBhigh group.
To further limit any contamination of nTreg cells in the
CD25-depleted CD45RBlow preparation, we treated donor
B6 mice with anti-CD25 MAb in vivo 4 days prior to purifica-
tion of CD45RBhigh, versus CD45RBlow, CD4 T cells and sub-
sequent further separation. After again obtaining a highly en-
riched (98% pure) CD25 CD4 cell population, we repeated
the adoptive transfer of unfractionated CD4, CD45RBhigh,
CD45RBlow, or CD45RBlow CD25 cells into B6.nude recipi-
ents. One of the representative activational disease parame-
ters, spleen weight (Fig. 7A), and one immunodeficiency pa-
rameter, mitogenic response to LPS (Fig. 7B), are depicted,
although these and all other disease readouts showed a pattern
of results identical to that shown in Fig. 6 when the B6 donor
mice were employed without in vivo anti-CD25 treatment prior
to the CD45RB purification. Thus, depletion of CD25 nTreg
cells from the CD45RBlow CD4 subset did not improve the
ability of the cells in this subset to mediate LP-BM5-induced
MAIDS.
Possible requirement for nTreg cells in MAIDS. Because
there was no evidence for the involvement of CD45RBlow
CD25 nTregs in modulating the extent of MAIDS patho-
genesis, while some CD4 CD25 potential nTregs are
CD45RBhigh (Fig. 6A) (13), it was important to determine
whether this nTreg subpopulation regulates viral pathogenesis
in the context of the naive, unmanipulated CD4 T-cell popu-
lation. Thus, CD4 T cells isolated from normal B6 splenocytes
(Fig. 8A, left) were stained with FITC anti-CD25 and PE
anti-CD4 and sorted such that CD25 CD4 T cells were col-
lected, free of CD25 nTreg CD4 T cells. The purity of CD25
CD4 T cells was 99% (Fig. 8A, right). These CD25-de-
pleted CD4 T cells, with unfractionated total CD4 T cells used
as a positive control, were adoptively transferred into B6.nude
recipients, and disease susceptibility was assessed as usual at 9
to 11 weeks p.i.
Measurements by all the MAIDS readouts provided the
same result: adoptive transfer of either total CD4 T cells or
CD25 CD4 T cells into B6.nude mice led to essentially iden-
tical amounts of disease. As examples of the MAIDS readouts,
one activational parameter, spleen weight (Fig. 8B), and one
immunosuppressive parameter, LPS response (Fig. 8C), are
depicted as representative findings.
To confirm these results and to further decrease the possi-
bility that a minor fraction of persisting CD25 nTregs was
present and sufficient to limit the extent of disease, we em-
ployed an alternative approach to perhaps more completely
eliminate the CD25 CD4 Treg cells. Thus, rather than per-
forming flow cytometric sorting, we depleted the CD4 CD25
nTreg cells by use of Miltenyi anti-CD25 beads. Again, how-
ever, there was no difference in the abilities of the CD25-
depleted CD4 T cells and the unfractionated CD4 T cells to
mediate MAIDS (data not shown). Thus, using several ap-
proaches collectively, we found no evidence that CD25
CD4 nTreg cells played an important role in MAIDS patho-
genesis, including that in the context of the total CD4 T-cell
population.
A decrease in disease pathogenesis mediated by CD45RBlow
CD4 T cells does not correlate with a reduction in viral load.
To determine if the observed decrease in the extent of LP-
BM5-induced MAIDS pathogenesis mediated by CD45RBlow
CD4 T cells might be due to a reduced viral load, the expres-
sion levels of the pathogenic BM5def and helper BM5eco
viruses were determined by quantitative RT-PCR assay (9, 16)
for the experiments shown in Fig. 5 through 7 with the repre-
sentative data from Fig. 6 as shown here. By this assay, the
levels of the BM5def and BM5eco viruses were not detectable
in uninfected mice, as expected (Fig. 9). Infected B6.nude
recipients that received previous transfer of total CD4 T cells
expressed high defective and ecotropic viral load levels, which
were approximately the same as those of the infected B6
group. B6.nude mice receiving adoptive transfer of either
CD45RBlow, CD45RBlow CD25, or CD45RBlow CD25 CD4
T cells, all of which mediated an extent of MAIDS pathogen-
esis lesser than that of the CD45RBhigh CD4 subset (Fig. 6 and
7), expressed approximately identical BM5def and BM5eco
viral load levels at 10 weeks after LP-BM5 infection. Impor-
FIG. 7. Further evidence that the decreased MAIDS pathogenesis mediated by CD45RBlow CD4 T cells cannot be attributed to inhibition by
CD25 nTreg cells. B6 donor mice were treated with anti-CD25 MAb in vivo 4 days prior to purification of CD45RBhigh, CD45RBlow, or total CD4
T cells. CD45RBhigh, CD45RBlow, CD45RBlow CD25, or control unfractionated CD4 T cells (6  106) were adoptively transferred into B6.nude
recipients. At 9 weeks p.i., disease was determined by assessments of splenomegaly (A) and of immunodeficiency by lymphocyte proliferation in
response to LPS stimulation (B). Results were significant (, P  0.05) or not significant (, P  0.05) by the Student t test, with the Bonferroni
adjustment applied as a multiple comparisons posttest.
5784 LI AND GREEN J. VIROL.
tantly and surprisingly, B6.nude recipients that received
CD45RBhigh CD4 T cells, which mediated substantially more
MAIDS pathogenesis (Fig. 6), expressed, if anything, some-
what lower BM5def and BM5eco viral levels in this experi-
ment, although this trend was not statistically significant (Fig.
9). In the other experiments (Fig. 5 and 7), the levels of
BM5def and BM5eco mRNA expression were even more sim-
ilar between the mouse groups receiving CD45RBlow cells
and/or CD45RBlow subsets and those receiving CD45RBhigh
CD4 T cells. Thus, clearly the reduced ability of CD45RBlow
CD4 cells to mediate LP-BM5-induced MAIDS could not be
ascribed to a reduced ability of LP-BM5 to infect, or of the
component viruses to be expressed in, B6.nude mice that re-
ceived these calls by adoptive transfer.
Implications of the present study. In the present study, we
sought to define the critical cell surface phenotypic and/or
functional characteristics of CD4 T cells, whose expression
allowed these T cells to mediate MAIDS pathogenesis upon
infection of susceptible B6 mice with the LP-BM5 retroviral
isolate. Thus, beyond the crucial ability to upregulate CD154
(CD40L) expression by these pathogenic CD4 T cells such that
CD40 B cells are activated and transmit the CD40-TRAF-6-
dependent signals necessary for disease induction (16–20), the
function of CD4 T cells in mediating MAIDS is incompletely
FIG. 8. Lack of evidence that CD4 CD25 nTreg cells substantially modulate MAIDS disease as mediated by an intact CD4 T-cell population.
CD25 T cells (A, left) were gated and then sorted from total CD4 T cells, leaving a highly purified (99%) CD25 CD4 T-cell population (A,
right). CD4 CD25 or total CD4 cells (1  107) were adoptively transferred into B6.nude recipients. Mice were assayed for disease activation at
9 weeks p.i. by assessments of splenomegaly (B) and of immunodeficiency by examining lymphocyte proliferation in response to LPS stimulation
(C) (, P  0.05; , P  0.05). The Bonferroni adjustment was applied as a multiple comparisons posttest. This experiment was repeated, with
the slight modification that the CD25 CD4 nTreg cells were removed by Miltenyi beads instead of by flow cytometric sorting. However, the same
pattern of results was obtained.
FIG. 9. Decreased viral pathogenesis mediated by CD45RBlow
CD4 T cells does not correlate with reduced viral load. In this real-time
RT-PCR assay, expressions of the BM5def (DEF) and BM5eco (ECO)
viruses were normalized to the expression of 	-actin. The data de-
picted represent the means and standard deviations of two indepen-
dent replicate assessments of each sample (each assessment based on
duplicate determinations). Results were significant (, P  0.05) or
not significant (, P  0.05) by the Student t test, with the Bonferroni
adjustment applied as a multiple comparisons posttest. Shown here are
the results for viral load for the mouse groups shown in Fig. 6 as
representative data for BM5def and BM5eco virus expression also
determined for the experiments shown in Fig. 5 and 7 (see Results and
Discussion).
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understood. Included in the unresolved issues is the question
of whether the functional/phenotypic parameters that have
been observed for CD4 T cells obtained from mice with ongo-
ing MAIDS—such as differential cytokine production, anergic
characteristics, and altered cell surface properties—are rele-
vant to their required functional role in the induction of
MAIDS pathogenesis. Alternatively, these changes simply may
be markers of the effects of established disease on the CD4
T-cell compartment.
To separate the requirements for MAIDS induction that
operate at the level of the necessary CD4 T-cell population
from possible MAIDS epiphenomena, we utilized an adoptive
transfer approach to directly compare the abilities of different
CD4 T-cell subsets to reconstitute B6.nude mice for suscepti-
bility to LP-BM5-induced MAIDS. By use of this approach,
some of the characteristics of CD4 T cells from LP-BM5-
infected mice with disease, e.g., the lack of expression of the
Thy1 (CD90) marker by the MAIDS-expanded unique popu-
lation of CD4 Thy1 (CD3) T cells (Fig. 4), were found to
likely be irrelevant to CD4 T-cell pathogenic function. Thus,
there was no effect of the removal of Thy1 CD4 T cells;
rather, this depleted CD4 T-cell population mediated full-
blown MAIDS upon LP-BM5 infection.
Similarly, we found no consistent difference in the abilities of
CD4 T-cell populations that were skewed to the Th1 versus
Th2 functional subsets to mediate LP-BM5-induced MAIDS in
the adoptive transfer model (Fig. 1 and 3). Consideration of a
possible differential role of Th1 versus Th2 cells as the re-
quired pathogenic CD4 T cells was pertinent, given the existing
literature on both cytokine production specifically in MAIDS
(11, 35, 36, 38) and the critical function of Th1/Th2 CD4 T cells
in various other disease states. Thus, in addition to playing
differential roles in protection, polarized Th1-type and Th2-
type responses are also responsible for different types of im-
munopathological reactions. Th1 cells are involved in the
pathogenesis of several organ-specific autoimmune disorders.
In contrast, allergen-specific Th2 responses may be critical for
atopic disorders in genetically susceptible individuals, and
skewing to a Th2 response in certain infections diseases, such
as leishmaniasis, leprosy, and others, results in a lack of clear-
ance of the causative microbe and consequently in enhanced
microbial and/or immunological pathology (4, 34, 45, 57).
More germane to the present murine retroviral immunode-
ficiency system is the fact that, for HIV type 1 infection, the
potential role of cytokines in the development of AIDS has
received a great deal of attention. There is some evidence
suggesting that a Th2-type cytokine response is often associ-
ated with progression to AIDS in HIV-positive individuals (4,
5, 10, 12, 34, 49, 57). Thus, it seemed important to study here
the question of whether the Th1 and Th2 subsets were differ-
entially able to mediate LP-BM5-induced MAIDS pathogen-
esis. However, we could find no evidence to support this pos-
sibility. In experiments utilizing adoptive transfer of Th1 or
Th2 CD4 T-cell functional subsets, with appropriate differen-
tial IFN- versus IL-4 cytokine profiles confirmed as skewed in
vitro (Fig. 3A and B), into B6.nude recipients, both subsets
mediated MAIDS induction equally (Fig. 3C and D). This
result, obtained by direct comparison of Th1 T cells to Th2
CD4 T cells, was important given the conflicting results ob-
tained in the past on Th1 versus Th2 involvement in MAIDS.
In particular, many previous studies attempted to imply a dis-
ease-causing role for Th2 CD4 T cells simply by correlating
Th2 cytokine production during ongoing MAIDS. Our result is
in keeping with two other studies that also utilized more-direct
approaches to examine the need for Th2 T cells in MAIDS:
these studies found (i) that when mice with a genetic disrup-
tion of the IL-4 gene, but specifically fully backcrossed onto the
susceptible B6 background, are used, MAIDS develops nor-
mally following LP-BM5 infection (35, 36), and (ii) that B6
mice deficient in STAT6, which is the proximal signal trans-
ducer of ligated IL-4 receptor, also exhibited normal suscep-
tibility to the induction of MAIDS (38).
For some of the other functional/phenotypic parameters of
CD4 T cells, the results and their implications were more
complicated and deserve a more detailed consideration. These
issues include the level of expression of CD45RB by the patho-
genic CD4 T cells and the possible involvement of CD25 CD4
nTregs. Our results from comparison of CD45RBhigh naive/
non-antigen-experienced to CD45RBlow memory/antigen-ex-
perienced CD4 T cells indicated that while both functional
subsets supported MAIDS induction and progression, only the
CD45RBhigh subpopulation mediated full disease after LP-
BM5 infection (Fig. 5B and C). In contrast, the CD45RBlow
memory subset consistently (Fig. 5, 6, and 7) supported only
40% to 55% as much pathogenesis, and this was consistent
across all MAIDS disease parameters. This decreased severity
of MAIDS was not due to a reduced ability of the B6.nude
mice receiving a CD45RBlow CD4 T-cell transfer to become
infected by, or to express, the LP-BM5 retrovirus. Thus, quan-
titative real-time PCR analysis clearly indicated that both the
pathogenic BM5def and the helper BM5eco component vi-
ruses were expressed at least as well in the CD45RBlow recip-
ient mice (Fig. 9). Therefore, either or both of the following
two explanations seemed most likely. (i) CD45RBlow CD4 T
cells have intrinsic properties on a per-cell basis that prohibit
them from being able to fully support MAIDS induction,
and/or (ii) the CD25 CD4 natural Treg population largely
contained within the CD45RBlow compartment inhibits the
ability of the pathogenic effector CD4 T cells also in this
compartment to mediate LP-BM5-induced MAIDS.
The possibility that nTreg cells were involved was tested
first, particularly as their relatively recent identification has led
to an explosion of literature reports demonstrating their criti-
cal involvement in the regulation of T-cell responses, including
in a variety of disease states (43, 50, 51, 53). In short, a sub-
population of normal CD4 T cells that coexpresses the inter-
leukin-2 receptor (IL-2R)  chain (CD25) has been defined as
a suppressive nTreg population that appears to play an impor-
tant function in controlling the development of autoimmune
diseases and other immune responses, including Th1/inflam-
matory-type phenomena (43, 51, 53). The naturally occurring
murine CD45RBlow CD25 CD4 nTreg cells have been shown
to prevent T-cell-mediated immune pathology in several dis-
ease models, especially autoimmune processes, and there is
now evidence that CD25 CD4 nTregs may be involved in
many other aspects of immunoregulation, including the re-
sponses to autoantigens, alloantigens, tumor antigens, and
pathogen-derived antigens and even the maintenance of nor-
mal pregnancy (14, 31, 32, 40, 44, 48, 50, 51, 54).
Although other cell surface markers have been associated
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with various Treg cell populations, including GITR (glucocor-
ticoid-induced tumor necrosis factor receptor) and CTLA-4
(30, 53, 56), none is truly specific for Treg cells, as these
markers can also be expressed by activated CD4 CD25
T-effector cells (51). CD25 has been and continues to be the
most prominent and defining marker for specifically nTreg
cells. As a cell surface marker, CD25 is very useful for obtain-
ing cell preparations that are highly enriched for, or depleted
of, Treg cells in order to analyze their function. Thus, although
FoxP3 has recently emerged as the best marker of functional
Treg cells, it is a transcription factor whose identification by
cytoplasmic staining does not lend itself to purification of via-
ble cells for functional testing (53).
In the present study, we addressed the possible regulatory
role of nTreg cells in MAIDS by use of an adoptive transfer
system featuring B6.nude recipient mice. Naive mouse donor
sources of pathogenic CD4 T cells, either (i) the CD45RBlow
subset that mediates partial LP-BM5 retrovirus-induced
MAIDS pathogenesis relative to the CD45RBhigh subset or (ii)
the unfractionated total CD4 population, were efficiently de-
pleted of CD25 CD4 nTreg cells by several approaches (Fig.
6 through 8). This effectiveness of nTreg depletion coupled
with the use of B6.nude recipients provided an appropriate
system by which nTreg cells were removed during the entire
course of the LP-BM5 infection. Thus, it has been recently
confirmed that nTreg development requires selection in an
intact thymus (30, 53, 56) and reported that CD11c major
histocompatibility complex class II thymic medullary den-
dritic cells that are activated by thymic stromal lymphopoietin
to express high levels of CD80 and CD86 are required for the
induction of the proliferation and differentiation of thymocytes
into CD25 FoxP3 CD4 nTreg cells (58).
However, despite the use of the B6.nude adoptive transfer
system to eliminate nTreg cells, MAIDS developed upon LP-
BM5 infection. CD45RBlow CD4 T cells continued to mediate
MAIDS pathogenesis at reduced levels whether or not CD25
CD4 nTregs were present (Fig. 6 and 7), indicating that their
decreased pathogenic function was not due to CD45RBlow
nTreg suppression. Full-blown MAIDS was also observed de-
spite the depletion of nTregs from the unfractionated naive
CD4 population (Fig. 8). Therefore, there was no evidence for
the involvement of nTregs in the intact CD4 system. In addi-
tion, based on the nearly complete inhibition obtained by
blocking anti-CD80/CD86 MAb treatment, it has been re-
ported that nTreg differentiation in the thymus requires CD80/
CD86 expression (58). Therefore, our results here favoring a
lack of nTreg involvement in MAIDS are supported by our
earlier study showing that B6.CD80/CD86 double-knockout
mice are MAIDS susceptible (17).
We thus have evidence arguing against the involvement of
CD25 nTregs and any other Tregs that derive from a CD25
precursor cell. However, we cannot exclude the possible role of
other CD4 Treg populations in LP-BM5-induced MAIDS ini-
tiation or progression. In addition to CD25 nTregs and their
progeny, there are at least two other distinct CD4 Treg subsets:
(i) type 1 T-regulatory cells (Tr1), or “inducible” Tregs (33, 46,
47), and (ii) Th3-type Tregs (1, 30, 43). It is possible that either
or both of these Treg cell types may derive from CD25 CD4
T cells. In particular, given that MAIDS induction stems from
retroviral infection, the inducible Tr1 regulatory cells are an
attractive candidate. Along these lines, a study by Beilharz et
al. (6) reported that MAIDS pathogenesis is partially reduced
by in vivo antibody treatment. The antibody injections were
given every fourth day beginning at 2 days preinfection and
continued to 18 days postinfection. Certain combinations of
two or three antibodies injected simultaneously led to a de-
crease in LP-BM5-induced splenomegaly. In contrast, other
combinations, i.e., of a group consisting of MAbs against
CD25, CTLA-4, and GITR, or these MAbs used singly, had no
significant effect. However, this approach could not distinguish
between a blocking effect of these antibodies on Treg cells, as
was suggested, versus effects on pathogenic CD4 T effector
cells. This is of concern, especially since GITR is known to be
a costimulatory receptor for CD4 effector cells in other systems
(30, 53). Thus, the possibility of Tr1 Treg involvement in
MAIDS demands further consideration. Such future studies
will require new reagents and/or approaches that will allow for
the separate manipulation of the Treg and pathogenic effector
CD4 T-cell compartments.
In summary, our results argue against a role for nTreg cells
in MAIDS pathogenesis. Rather, an intrinsic defect in the
CD45RBlow CD4 T-cell population is implied as the underly-
ing reason for its reduced MAIDS pathogenic potential in
conjunction with LP-BM5 infection. Determining whether it is
the antigen-experienced/memory phenotype that is character-
istic of this subset per se or other associated phenotypic or
functional parameters that form the basis for this difference
will require additional experimentation. However, the present
results provide further insight into the involvement of CD4
T-cell subsets in this retrovirus-induced disease model and
highlight the heterogeneity of this cellular compartment, which
is required for MAIDS pathogenesis.
ACKNOWLEDGMENTS
We thank Kathy Green and On Ho for their technical support and
helpful discussions. We also thank Jack T. Lin and James D. Gorham
for providing protocols for Th1/Th2 skewing and Alice Givan and Gary
Ward for help with flow cytometry and cell sorting. Flow cytometry was
performed at Dartmouth Medical School in the Herbert C. Englert
Cell Analysis Laboratory.
This work was supported by National Institutes of Health grants
CA50157 and AI059580 (to W.R.G.). Wen Li was supported by Na-
tional Institute of Allergy and Infectious Diseases T32 training grant
AI 07363. The Herbert C. Englert Cell Analysis Laboratory was es-
tablished by equipment grants from the Fannie E. Rippel Foundation,
the NIH Shared Instrument Program, and Dartmouth Medical School
and is supported in part by the Core Grant (CA 23108) from the
National Cancer Institute to the Norris Cotton Cancer Center.
The authors have no conflicting financial interests.
REFERENCES
1. Akbar, A. N., L. S. Taams, M. Salmon, and M. Vukmanovic-Stejic. 2003. The
peripheral generation of CD4 CD25 regulatory T cells. Immunology
109:319–325.
2. Andrews, C., S. L. Swain, and G. Muralidhar. 1997. CD4 T cell anergy in
murine AIDS: costimulation via CD28 and the addition of IL-12 are not
sufficient to rescue anergic CD4 T cells. J. Immunol. 159:2132–2138.
3. Aziz, D. C., Z. Hanna, and P. Jolicoeur. 1989. Severe immunodeficiency
disease induced by a defective murine leukaemia virus. Nature 338:505–508.
4. Becker, Y. 2004. The changes in the T helper 1 (Th1) and T helper 2 (Th2)
cytokine balance during HIV-1 infection are indicative of an allergic re-
sponse to viral proteins that may be reversed by Th2 cytokine inhibitors and
immune response modifiers—a review and hypothesis. Virus Genes 28:5–18.
5. Becker, Y. 2005. CpG ODNs treatments of HIV-1 infected patients may
cause the decline of transmission in high risk populations—a review, hypoth-
esis and implications. Virus Genes 30:251–266.
VOL. 80, 2006 CD4 T CELLS IN THE PATHOGENESIS OF MURINE AIDS 5787
6. Beilharz, M. W., L. M. Sammels, A. Paun, K. Shaw, P. van Eeden, M. W.
Watson, and M. L. Ashdown. 2004. Timed ablation of regulatory CD4 T
cells can prevent murine AIDS progression. J. Immunol. 172:4917–4925.
7. Casabianca, A., C. Orlandi, A. Fraternale, and M. Magnani. 2003. A new
one-step RT-PCR method for virus quantitation in murine AIDS. J. Virol.
Methods 110:81–90.
8. Cerny, A., A. W. Hugin, R. R. Hardy, K. Hayakawa, R. M. Zinkernagel, M.
Makino, and H. C. Morse III. 1990. B cells are required for induction of T
cell abnormalities in a murine retrovirus-induced immunodeficiency syn-
drome. J. Exp. Med. 171:315–320.
9. Cook, W. J., K. A. Green, J. J. Obar, and W. R. Green. 2003. Quantitative
analysis of LP-BM5 murine leukemia retrovirus RNA using real-time RT-
PCR. J. Virol. Methods 108:49–58.
10. Dix, R. D., and S. W. Cousins. 2004. Interleukin-2 immunotherapy and
AIDS-related cytomegalovirus retinitis. Curr. HIV Res. 2:333–342.
11. Dix, R. D., and S. W. Cousins. 2004. Susceptibility to murine cytomegalovirus
retinitis during progression of MAIDS: correlation with intraocular levels of
tumor necrosis factor-alpha and interferon-gamma. Curr. Eye Res. 29:173–
180.
12. Fevrier, M., S. le Borgne, C. Marty, A. Talarmin, and Y. Riviere. 2004.
Functional characterization of human Tc0, Tc1 and Tc2 CD8 T cell clones:
control of X4 and R5 HIV strain replication. J. Clin. Immunol. 24:272–280.
13. Fu, S., A. C. Yopp, X. Mao, D. Chen, N. Zhang, M. Mao, Y. Ding, and J. S.
Bromberg. 2004. CD4 CD25 CD62 T-regulatory cell subset has optimal
suppressive and proliferative potential. Am. J. Transplant. 4:65–78.
14. Gavin, M. A., S. R. Clarke, E. Negrou, A. Gallegos, and A. Rudensky. 2002.
Homeostasis and anergy of CD4()CD25() suppressor T cells in vivo. Nat.
Immunol. 3:33–41.
15. Giese, N. A., T. Giese, and H. C. Morse III. 1994. Murine AIDS is an
antigen-driven disease: requirements for major histocompatibility complex
class II expression and CD4 T cells. J. Virol. 68:5819–5824.
16. Green, K. A., C. L. Ahonen, W. J. Cook, and W. R. Green. 2004. CD40-
associated TRAF 6 signaling is required for disease induction in a retrovirus-
induced murine immunodeficiency. J. Virol. 78:6055–6060.
17. Green, K. A., W. J. Cook, A. H. Sharpe, and W. R. Green. 2002. The
CD154/CD40 interaction required for retrovirus-induced murine immuno-
deficiency syndrome is not mediated by upregulation of the CD80/CD86
costimulatory molecules. J. Virol. 76:13106–13110.
18. Green, K. A., K. M. Crassi, J. D. Laman, A. Schoneveld, R. R. Strawbridge,
T. M. Foy, R. J. Noelle, and W. R. Green. 1996. Antibody to the ligand for
CD40 (gp39) inhibits murine AIDS-associated splenomegaly, hypergamma-
globulinemia, and immunodeficiency in disease-susceptible C57BL/6 mice.
J. Virol. 70:2569–2575.
19. Green, K. A., R. J. Noelle, B. G. Durell, and W. R. Green. 2001. Character-
ization of the CD154-positive and CD40-positive cellular subsets required
for pathogenesis in retrovirus-induced murine immunodeficiency. J. Virol.
75:3581–3589.
20. Green, K. A., R. J. Noelle, and W. R. Green. 1998. Evidence for a continued
requirement for CD40/CD40 ligand (CD154) interactions in the progression
of LP-BM5 retrovirus-induced murine AIDS. Virology 241:260–268.
21. Harris, D. P., S. Koch, L. M. Mullen, and S. L. Swain. 2001. B cell immu-
nodeficiency fails to develop in CD4-deficient mice infected with BM5:
murine AIDS as a multistep disease. J. Immunol. 166:6041–6049.
22. Klinken, S. P., T. N. Fredrickson, J. W. Hartley, R. A. Yetter, and H. C.
Morse III. 1988. Evolution of B cell lineage lymphomas in mice with a
retrovirus-induced immunodeficiency syndrome, MAIDS. J. Immunol. 140:
1123–1131.
23. Klinman, D. M., and H. C. Morse III. 1989. Characteristic of B cell prolif-
eration and action in murine AIDS. J. Immunol. 142:1144–1149.
24. Knoetig, S. M., T. A. Torrey, Z. Naghashfar, T. McCarty, and H. C. Morse
III. 2002. CD19 signaling pathways play a major role for murine AIDS
induction and progression. J. Immunol. 169:5607–5614.
25. Latarjet, R., and J. F.Duplan. 1962. Experiments and discussion on leukaemo-
genesis by cell-free extracts of radiation-induced leukaemia in mice. Int. J.
Radiat. Biol. 5:339–344.
26. Liang, B., J. J. Marchalonis, Z. Zhang, and R. R. Watson. 1996. Effects of
vaccination against different T cell receptors on maintenance of immune
function during murine retrovirus infection. Cell Immunol. 172:126–134.
27. Lin, J. T., S. L. Martin, L. Xia, and J. D. Gorham. 2005. TGF-beta 1 uses
distinct mechanisms to inhibit IFN-gamma expression in CD4 T cells at
priming and at recall: differential involvement of Stat4 and T-bet. J. Immu-
nol. 174:5950–5958.
28. Liu, Z., K. Geboes, S. Colpaert, L. Overbergh, C. Mathieu, H. Heremans, M.
de Boer, L. Boon, G. D’Haens, P. Rutgeerts, and J. L. Ceuppens. 2000.
Prevention of experimental colitis in SCID mice reconstituted with
CD45RBhigh CD4 T cells by blocking the CD40-CD154 interactions.
J. Immunol. 164:6005–6014.
29. Lowenthal, J. W., P. Corthesy, C. Tougne, R. Lees, H. R. MacDonald, and M.
Nabholz. 1985. High and low affinity IL 2 receptors: analysis by IL 2 disso-
ciation rate and reactivity with monoclonal anti-receptor antibody PC61.
J. Immunol. 135:3988–3994.
30. Maggi, E., L. Cosmi, F. Liotta, P. Romagnani, S. Romagnani, and F.
Annunziato. 2005. Thymic regulatory T cells. Autoimmun. Rev. 4:579–586.
31. Maloy, K. J., and F. Powrie. 2001. Regulatory T cells in the control of
immune pathology. Nat. Immunol. 2:816–822.
32. Maloy, K. J., L. Salaun, R. Cahill, G. Dougan, N. J. Saunders, and F. Powrie.
2003. CD4CD25 T(R) cells suppress innate immune pathology through
cytokine-dependent mechanisms. J. Exp. Med. 197:111–119.
33. Mills, K. H., and P. McGuirk. 2004. Antigen-specific regulatory T cells—
their induction and role in infection. Semin. Immunol. 16:107–117.
34. Monick, M. M., L. Samavati, N. S. Butler, M. Mohning, L. S. Powers, T.
Yarovinsky, D. R. Spitz, and G. W. Hunninghake. 2003. Intracellular thiols
contribute to Th2 function via a positive role in IL-4 production. J. Immunol.
171:5107–5115.
35. Morawetz, R. A., T. M. Doherty, N. A. Giese, J. W. Hartley, W. Muller, R.
Kuhn, K. Rajewsky, R. Coffman, and H. C. Morse III. 1994. Resistance to
murine acquired immunodeficiency syndrome (MAIDS). Science 265:264–
267.
36. Morawetz, R. A., N. A. Giese, L. Gabriele, P. Rothman, I. Horak, K. Ozato,
and H. C. Morse III. 1998. Relationship of cytokines and cytokine signaling
to immunodeficiency disorders in the mouse. Braz. J. Med. Biol. Res. 31:
61–67.
37. Morse, H. C., III, S. K. Chattopadhyay, M. Makino, T. N. Fredrickson, A. W.
Hugin, and J. W. Hartley. 1992. Retrovirus-induced immunodeficiency in the
mouse: MAIDS as a model for AIDS. AIDS 6:607–621.
38. Morse, H. C., III, T. McCarty, N. A. Giese, L. Taddesse-Heath, and M. J.
Grusby. 1999. STAT6-deficient mice exhibit normal induction of murine
AIDS and expression of immunoglobulin E following infection with LP-BM5
murine leukemia viruses. J. Virol. 73:7093–7095.
39. Mosier, D. E., R. A. Yetter, and H. C. Morse III. 1987. Functional T lym-
phocytes are required for a murine retrovirus-induced immunodeficiency
disease (MAIDS). J. Exp. Med. 165:1737–1742.
40. Mottet, C., H. H. Uhlig, and F. Powrie. 2003. Cutting edge: cure of colitis by
CD4CD25 regulatory T cells. J. Immunol. 170:3939–3943.
41. Muralidhar, G., S. Koch, H. E. Broome, and S. L. Swain. 1996. TCR trig-
gering of anergic CD4 T cells in murine AIDS induces apoptosis rather than
cytokine synthesis and proliferation. J. Immunol. 157:625–635.
42. Onizuka, S., I. Tawara, J. Shimizu, S. Sakaguchi, T. Fujita, and E.
Nakayama. 1999. Tumor rejection by in vivo administration of anti-CD25
(interleukin-2 receptor alpha) monoclonal antibody. Cancer Res. 59:3128–
3133.
43. Piccirillo, C. A., and E. M. Shevach. 2004. Naturally-occurring CD4CD25
immunoregulatory T cells: central players in the arena of peripheral tolerance.
Semin. Immunol. 16:81–88.
44. Read, S., V. Malmstrom, and F. Powrie. 2000. Cytotoxic T lymphocyte-associ-
ated antigen 4 plays an essential role in the function of CD25()CD4()
regulatory cells that control intestinal inflammation. J. Exp. Med. 192:295–302.
45. Romagnani, S. 1999. Th1/Th2 cells. Inflamm. Bowel Dis. 5:285–294.
46. Roncarolo, M. G., R. Bacchetta, C. Bordignon, S. Narula, and M. K. Levings.
2001. Type 1 T regulatory cells. Immunol. Rev. 182:68–79.
47. Sakaguchi, S., N. Sakaguchi, M. Asano, M. Itoh, and M. Toda. 1995. Im-
munologic self-tolerance maintained by activated T cells expressing IL-2
receptor alpha-chains (CD25). Breakdown of a single mechanism of self-
tolerance causes various autoimmune diseases. J. Immunol. 155:1151–1164.
48. Sakaguchi, S., N. Sakaguchi, J. Shimizu, S. Yamazaki, T. Sakihama, M. Itoh,
Y. Kuniyasu, T. Nomura, M. Toda, and T. Takahashi. 2001. Immunologic
tolerance maintained by CD25 CD4 regulatory T cells: their common
role in controlling autoimmunity, tumor immunity, and transplantation tol-
erance. Immunol. Rev. 182:18–32.
49. Salgame, P., M. X. Guan, A. Agahtehrani, and E. E. Henderson. 1998.
Infection of T cell subsets by HIV-1 and the effects of interleukin-12. J. In-
terferon Cytokine Res. 18:521–528.
50. Shevach, E. M. 2002. CD4 CD25 suppressor T cells: more questions than
answers Nat. Rev. Immunol. 2:389–400.
51. Shevach, E. M. 2004. Regulatory/suppressor T cells in health and disease.
Arthritis Rheum. 50:2721–2724.
52. Simard, C., S. J. Klein, T. Mak, and P. Jolicoeur. 1997. Studies of the
susceptibility of nude, CD4 knockout, and SCID mutant mice to the disease
induced by the murine AIDS defective virus. J. Virol. 71:3013–3022.
53. Stephens, G. L., R. S. McHugh, M. J. Whitters, D. A. Young, D. Luxenberg,
B. M. Carreno, M. Collins, and E. M. Shevach. 2004. Engagement of glu-
cocorticoid-induced TNFR family-related receptor on effector T cells by its
ligand mediates resistance to suppression by CD4CD25 T cells. J. Im-
munol. 173:5008–5020.
54. Stephens, L. A., C. Mottet, D. Mason, and F. Powrie. 2001. Human
CD4()CD25() thymocytes and peripheral T cells have immune suppres-
sive activity in vitro. Eur. J. Immunol. 31:1247–1254.
55. Tayar, L., K. Higo, Y. Kubo, Y. Wang, L. M. Lu, F. Zhang, Y. Iwatani, L.
Wang, T. Ono, M. Maeda, H. Sakai, and A. Ishimoto. 1999. Induction of
B-cell lymphoma in BALB/c nude mice with an ecotropic, B-tropic helper
virus present in the murine AIDS virus stock. J. Virol. 73:1640–1644.
56. van Amelsfort, J. M., K. M. Jacobs, J. W. Bijlsma, F. P. Lafeber, and L. S.
5788 LI AND GREEN J. VIROL.
Taams. 2004. CD4()CD25() regulatory T cells in rheumatoid arthritis:
differences in the presence, phenotype, and function between peripheral
blood and synovial fluid. Arthritis Rheum. 50:2775–2785.
57. Vasilescu, A., S. C. Heath, R. Ivanova, H. Hendel, H. Do, A. Mazoyer, E.
Khadivpour, F. X. Goutalier, K. Khalili, J. Rappaport, G. M. Lathrop, F.
Matsuda, and J. F. Zagury. 2003. Genomic analysis of Th1-Th2 cytokine
genes in an AIDS cohort: identification of IL4 and IL10 haplotypes associ-
ated with the disease progression. Genes Immun. 4:441–449.
58. Watanabe, N., Y. H. Wang, H. K. Lee, T. Ito, W. Cao, and Y. J. Liu. 2005.
Hassall’s corpuscles instruct dendritic cells to induce CD4CD25 regula-
tory T cells in human thymus. Nature 436:1181–1185.
59. Yen, M. H., N. Lepak, and S. L. Swain. 2002. Induction of CD4 T cell
changes in murine AIDS is dependent on costimulation and involves a
dysregulation of homeostasis. J. Immunol. 169:722–731.
60. Yetter, R. A., R. M. Buller, J. S. Lee, K. L. Elkins, D. E. Mosier, T. N.
Fredrickson, and H. C. Morse III. 1988. CD4 T cells are required for
development of a murine retrovirus-induced immunodeficiency syndrome
(MAIDS). J. Exp. Med. 168:623–635.
VOL. 80, 2006 CD4 T CELLS IN THE PATHOGENESIS OF MURINE AIDS 5789
